It is shown that the strong anisotropy of the one-particle electron spectrum, due to the presence of extended saddle-point features (ESPF) close to the Fermi level in the hole-type cuprates YBCO and BSCCO, leads to the occurrence of a low-frequency peak in the spectral function of the charge density fluctuations due to the presence of acoustic plasmon branch in the collective electron spectrum. The retarded anisotropic electron-plasmon interaction leads to the suppression of the static screened Coulomb repulsion for small transferred momenta and, consequently, to the effective attraction between electrons in the d x 2 −y 2 -wave channel of the Cooper pairing of current carriers. Breaking of C 4v symmetry in YBCO crystals leads to a possibility of a change of d x 2 −y 2 -wave symmetry of the gap to a mixed s − d gap symmetry for singlet Cooper pairs or to a p -wave gap symmetry for triplet pairs.
Introduction
Any theoretical model intended for adequately describing the nature of the HTS in cuprates, should account for the d-wave superconducting gap symmetry, manifested by spontaneous Josephson currents [1] , by generating the half-integer quanta of the magnetic flux [2, 3] , as well as by a strong anisotropy of the gap in the plane of CuO 2 layers [4] .
One of the Cooper pairing mechanisms, producing the d-wave symmetry of the superconducting gap in high-T c superconductors, is described by the model of the electron-magnon interaction in an almost antiferromagnetic quasi-2D Fermi liquid [5, 6] . This model leads to an anisotropic repulsion between electrons (or holes) in the entire 2D momentum space with peaks in the corners of the Brillouin zone (BZ). Such an interaction results in an effective attraction responsible for d x 2 −y 2 -wave singlet Cooper pairing. However, the main question regarding the sufficiently large value of the coupling constant of electron-magnon interaction for obtaining a high value (∼ 100 K) of the critical temperature remains open.
New and important information about the structure of the electronic spectrum of high-T c superconductors was recently obtained using the angle-resolved photoemission spectroscopy with high energy resolution [7, 8] . These experiments exhibited the presence of extended saddle point features (ESPF) near the Fermi level in cuprates with hole-type conductivity. According to [9, 10] , the ESPF in the band spectrum can be the result of a strong hybridization of the overlapping broad and narrow 2D bands in the layered cuprate crystals.
In this paper we present results of our theoretical and numerical investigations of the effect of the ESPF in the band spectrum on the HTS mechanisms in the layered crystals of cuprates. We consider the ESPF effects on the spectrum of the collective charge-density excitations, on the screened Coulomb interaction as well as on the superconducting gap symmetry.
In §2 it is shown that the strong anisotropy of the one-particle electron spectrum in the CuO 2 layers due to the presence of ESPF leads to the occurrence of the low frequency branch with an acoustic dispersion in the collective spectrum of the electron density excitations. These excitations are similar to acoustic plasmons (AP) in metals having a multiply-connected Fermi surface (FS) with essentially different effective masses of the current carriers in different extrema of the band spectra [11, 12] . The spectral function of the charge-density excitations is strongly anisotropic in this case and is peaked at frequencies corresponding to the AP branch. Due to the Kramers-Kronig relations for the reciprocal dielectric function, the static screened Coulomb interaction has got an anisotropic structure with the pronounced minimum in the region of small transferred momenta |q| ≪ π/a (where a is the lattice constant). This suppression of the Coulomb repulsion is caused by a retarded interaction between electrons due to the exchange of virtual AP.
In §3 we argue that the deep minimum of the screened Coulomb repulsion due to the electron-plasmon interaction leads to the effective attraction between electrons in the d x 2 −y 2 -wave channel of the singlet Cooper pairing with the gap ∆ d (ϕ) ∝ cos 2ϕ . This mechanism of the d-wave pairing differs from those proposed by the authors of [5, 6] , who accentuated the important role of the sharp repulsion peak at q = (π, π) and believed the peculiarities of the interaction at small q to be irrelevant.
Breaking of the C 4v symmetry occurs in Y BCO crystals as well due to the existence of ordered 1D CuO chains along the b-axis, leading to the mixed s + d x 2 −y 2 or s + d xy symmetry of the gap parameter for singlet Cooper pairing, as well as to the possibility of the p-wave gap symmetry with ∆ p (ϕ) ∝ sin ϕ or ∆ p (ϕ) ∝ cos ϕ in the triplet pairing channel. It is known [11, 12] that a lowfrequency AP branch in the collective electron spectrum can occur in multi-band (multi-valley) crystals having a multiply-connected FS and several groups of current carriers (electrons, holes) with significantly different effective masses. We show that a similar collective electron branch with acoustic dispersion relation can occur in layered crystals having a singly-connected FS but strong anisotropy in the electron density of states (DOS) and the Fermi velocity due to the presence of the ESPF [7, 8] . The experimental values of the Fermi energy and Fermi momentum for the quasi-1D spectrum near the bottom of ESPF are respectively µ 1 ≈ 20meV and k F1 ≈ 0.15Å −1 . In the parabolic spectrum approximation
we obtain an effective electronic mass m * 1 ≈ 4.3m 0 (where m 0 is the bare electron mass).
In the present paper when choosing parameters for the hybridized conductivity band we use the results of the multiple band calculations of [9] . This conductivity band E(k x , k y ) is shown in figure 1 . When the Fermi level lies above the bottom of the ESPF, it is convenient to use a shifted BZ centered in (π, π) point, in order to obtain a closed holetype FS (figure 2).
We proceed to show that the strong anisotropy of the DOS on the FS (and hence the anisotropy of the Fermi velocity of the quasi-particles) leads to the occurrence of the low frequency AP branch in the collective electron spectrum, despite the fact that the FS is singly connected. 
The dispersion relation ω pl (q) of the AP branch is determined by zero of the real part of the longitudinal complex dielectric function
where V c is the matrix element of the Coulomb interaction in the layered crystals,
and Π is the polarization operator, corresponding to the 2D band E(k ), which is crossed by the Fermi level. Here q and k are the longitudinal momenta in the a − b plane, q ⊥ is the transverse momentum along the c-axis, d is the distance between layers.
In figure 3 the real and imaginary parts of the polarization operator are shown as functions of ω/q for q → 0.
The spectral function of the electronic charge density fluctuations (virtual plasmons) given by and calculated with the electron spectrum of figure 1 , is plotted in figure 4 for several q = 0 along one of the two BZ diagonals and for q ⊥ = 0. The function S pl (q, ω) has got a maximum at the frequency ω pl (q) of the AP since Re ε(q, ω pl ) = 0, while
By virtue of the Kramers-Kronig relation for the reciprocal dielectric function ε −1 (q, ω) the matrix element of the static (for ω = 0) screened Coulomb repulsion between electrons can be written as
The plot of V c q calculated for the band of figure 1 is presented in figure 5 . As we see, V c (q) has got a deep minimum in the region of small transferred momenta q due to the low frequency maximum of the charge density spectral function S(q, ω) in the region of the AP branch presence. Such a suppression of the static Coulomb repulsion is caused by the effective electron-electron attraction through the exchange of the virtual AP.
In the general case of C 4v symmetry of the electron spectrum the Fourier series expansion of the screened Coulomb matrix elementṼ c k − k ′ with respect to the angles ϕ and ϕ
will contain harmonics V nm with indices satisfying the condition n + m = 4l, where l is an integer.
The effect of the electron spectrum anisotropy on the gap symmetry
In what follows, we show that the marked momentum dependence of the screened Coulomb interaction (4), connected to the low frequency peak of the plasmon spectral function (3), determines the symmetry of the superconducting gap.
We will use the Eliashberg equations [13] for the gap in superconductors with strong coupling, taking into account the retarded interaction between electrons due to the exchange of virtual phonons and acoustic plasmons, as well as the screened Coulomb repulsion. Near the critical temperature, T → T c , the linearized equation for the anisotropic gap ∆(k , ω) on the FS, given the quasi-2D character of the electron spectrum, using the static Kramers-Kronig relation (4), can be written on the FS (|k | = k F ) as
where λ is the renormalization constant, connected to the normal self-energy, θ (x) is the unit step function, the electron-phonon interaction W ph is taken to be quasi isotropic,Ω is a cut-off energy of the Coulomb interaction (Ω ≈ E F ), and ν (ϕ ′ , ω) is the anisotropic DOS.
Unbroken C 4v symmetry
For the layered crystals, having the unbroken C 4v symmetry of the electron spectrum (for instance, BiSrCaCuO, TlBaCaCuO, HgBaCaCuO), the anisotropic DOS can be approximated by
where
At the same time it is possible to retain in the Fourier expansion (5) only the main terms, corresponding to the A 1 and B 1 representations of the C 4v group:
where the isotropic part of the Coulomb repulsion V 00 > 0, while V 22 and V 44 , containing the anisotropic contribution of the electron-plasmon interaction, may be either positive or negative (see below). Substituting (7) and (9) in equation (6) we conclude that the singlet Cooper pairing is possible either in d-or s-channels. For the s-wave pairing with the anisotropic gap
we obtain the following coupled equations determining the critical temperature T s c
(1 + λ)
For the d-wave pairing the critical temperature T d c is given by equation
The sign of the coefficient V 22 determines the type of d-wave symmetry of the gap. For the negative value of V 22 the gap has d x 2 −y 2 symmetry, ∆ d (ϕ) = ∆ 2 cos 2ϕ, and the equation (14) is reduced to
For the positive value of V 22 from (14) the solution of the form ∆ d (ϕ) = ∆ 2 sin 2ϕ follows, corresponding to the d xy -wave gap symmetry.
YBCO-type crystals with CuO chains
For the YBa 2 Cu 3 O 7 and YBa 2 Cu 4 O 8 crystals, where C 4v symmetry is broken due to the presence of the ordered 1D chains CuO, the anisotropic DOS has got approximately the following angular dependence
whereν 0 (ω) = ν + (ω) +ν c /2, andν c is the electron DOS in the 1D chains. The asymmetric terms in the electron-electron interaction in this case are
Substitution of (16) and (17) in (6) leads, for the singlet Cooper pairing, to the system of coupled gap equations
for s-and d-wave components of the anisotropic superconducting gap which is given by,
In other words, the presence of the 1D chains of CuO in YBCO should bring about the mixed s-d symmetry of the gap. Furthermore, a sufficiently strong interactionŨ 11 in (17), violating the C 4v symmetry, could give rise to triplet Cooper pairing of electrons in 1D chains with p-type order parameter symmetry
In this case, the critical temperature T p c will be defined by the equation
Notice that the negative value ofŨ 11 can result from the strong electron-phonon interaction in the CuO chains.
Conclusions
We have shown that strong anisotropy of the one-particle electron spectrum, associated, in particular, with the presence of the ESPF near the Fermi level, may lead to the occurrence of the acoustic plasmon branch in the collective electron spectrum. These electronic excitations cause the low frequency peak in the spectral function of the charge density fluctuations S pl (q, ω) = − 1 π Im ε −1 (q, ω) and, through the Kramers-Kronig relation for the reciprocal dielectric function ε −1 (q, ω), lead to the deep minimum in the static screened Coulomb repulsion for the small transferred momenta q. Such a suppression of the Coulomb repulsion, which is the result of the effective electron-electron attraction due to the exchange of the virtual acoustic plasmons, favours the d x 2 −y 2 -wave Cooper pairing of the current carriers with the superconducting gap structure ∆ d (ϕ) ∼ cos 2ϕ in the layered crystals of the cuprate metal-oxide compounds, having C 4v symmetry of the CuO 2 layers. Breaking of C 4v symmetry leads to the mixed s − d wave singlet Cooper pairing, or to the p-wave triplet pairing of current carriers. Отримано 25 червня 1998 р.
Показано, що сильна анізотропія одночасткового електронного спектру веде, завдяки наявності подовжених сідлових особливостей біля рівня Фермі у купратах YBCO та BSCCO, до появи низькочастот-ного піку у спектральній функції флуктуацій зарядової густини, що є наслідком присутності гілки акустичних плазмонів у колективному електронному спектрі. Електрон-плазмонна взаємодія веде до знач-ного зменшення статичного кулонівського відштовхування в облас-ті малих переданих імпульсів та, як наслідок, до ефективного при-тягнення між електронами у d x 2 −y 2 -хвильовому каналі куперівсько-го спарювання носіїв струму. Порушення C 4v симетрії у кристалах YBCO призводить до можливості заміни d x 2 −y 2 -хвильової симетрії надпровідної щілини на змішану s − d симертрію для сінглетних ку-перівських пар або на p -хвильову симетрію щілини для триплетних пар. 
